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Abstract of corresponding document: WO9009688 
A gain medium (32) is disposed between two 
mirrors (34, 36) to form a resonant cavity. The 
cavity length (I) is selected so that the gain 
bandwidth of the gain medium is less than or 
substantially equal to the frequency separation of 
the cavity modes and such that a cavity mode 
frequency falls within the gain bandwidth. A 
nonlinear optical material (50) is disposed either 
inside or outside the cavity to generate new laser 
wavelengths. The nonlinear optical material (50) 
may be contained in a cavity which is resonant at 
the microchip laser frequency. Alternatively, the 
microchip laser (30) may be tuned, for example 
thermally or by the application of a longitudinal or 
transverse stress, to the frequency of the 
resonant cavity. The laser is optically pumped by 
any appropriate source such as a semiconductor 
injection laser (38) or laser array. Suitable gain 
media include Nd:YAG, Nd:GSGG and Nd 
pentaphosphate, and suitable non-linear optical 
material include MgO:LiNb03 and KTP. 
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Abstract of WO9009688 
A gain medium (32) is disposed between two 
mirrors (34, 36) to form a resonant cavity. The 
cavity length (I) is selected so that the gain 
bandwidth of the gain medium is less than or 
substantially equal to the frequency separation of 
the cavity modes and such that a cavity mode 
frequency falls within the gain bandwidth. A 
nonlinear optical material (50) is disposed either 
inside or outside the cavity to generate new laser 
wavelengths. The nonlinear optical material (50) 
may be contained in a cavity which is resonant at 
the microchip laser frequency. Alternatively, the 
microchip laser (30) may be tuned, for example 
thermally or by the application of a longitudinal or 
transverse stress, to the frequency of the 
resonant cavity. The laser is optically pumped by 
any appropriate source such as a semiconductor 
injection laser (38) or laser array. Suitable gain 
media include Nd:YAG, Nd:GSGG and Nd 
pentaphosphate, and suitable non-linear optical 
material include MgO:LiNb03 and KTP. 



70 




/ 



72 



7* 



Data supplied from the esp@ce/ief database - Worldwide 



http://v3.espacenet.com/textdoc?DB=EPODOC&IDX=WO9009688&F=0 



3/27/2006 



per 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) Inteinational Patent aassification S : 
HOIS 3/05 



Al 



(ll}InternafioDaI Publication Namber: 
(43) International Publication Date: 



WO 90/09688 
23 August 1990 (23.08.90) 



(21) International Application Number: PCT/US90/00644 

(22) International Filing Date: 1 February 1990 (01.02.90) 



(30) Priority data: 
308,251 



9 February 1989 (09.02.89) US 



(71) Applicant: MASSACHUSETTS INSTITUTE OF TECH- 

NOLOGY [US/US]; 77 Massachusetts Avenue, Cam. 
bridge, MA 02139 (US). 

(72) Inventor: MOORADIAN, Aram ; 44 Grayson Road, Win- 

chester, MA 01890 (US), 

(74) Agent: PASTERNACK, Sam; Cfaoatc, HaU & Stewart, Ex- 
change Place, 53 State Street, Boston, MA 02109 (US). 



(81) Designated States: AT (European patent), AU, BE (Euro- 
pean patent), BR, CA, CH (European patent), DE (Eu- 
ropean patent), DK (European patent), ES European 
patent), FR (European patent), GB (European patent), 
IT (European patent), JP, KR, LU (European patent), 
NL (European patent), SB (European patent), SU. 

Published 

With international search report. 
Bqfore the ej^iration of the time limit for amending the 
daims and to be republished in the event of the receipt of 
amendments. 



(54)Tlfle: MICROCHIP LASER 




(57) Abstract 



the. 1^a2 \^^^ ^^^^ ^ "^'^ ^ ^ resonant cavity. Ihe cavity lengtii (!) is selected so 

InH ^Vr*^'^'*'^:!^^ ^ """^'""^ substantiaUy equal to the frequency separationTthe caSi modS 

and such that a cavity mode frequency faUs withm tiie gain bandwidth. A nonlinear optical material (50) is disposed dSrsJte 
or outside the cavjty to generate new laser wavelengflis. The nonlinear optical material(50) may be contained k a 

application of a lonptudinal or transverse stress, to tiie frequency of the resonant cavity. The laser is optically pumped by any a^ 



FOR THE PURPOSES OF INFORMATION ONLY 

Codes used to identify States party to the PCT on the fix)nt pages of pamphleis publishing international 
applications under the PCT. 



AT 


Aumia 


GB 


Spain 


MG 


Madagascar 


AU 


AiBtnlii 


FT 


Fintuid 


ML 


MaH 


BB 


fiafbidos 


FR 


Ranoe 


MR 


Mauritania 


BE 


Betgfam 


OA 


OaboB 


MW 


Malawi 


BF 


BurkiniRw 


GB 


UnilBd Kingilom 


NL 


Nelberhnds 


BG 


Bu^ 


HU 


Hungaiy 


NO 


Norway 


BJ 


BeoiD 


rr 


Itafy 


RO 


Romania 


BR 


Biad 


JP 


Japan 


SD 


Sudan 


CA 


Qmada 


KP 


Demoeiadc Ptopkl Republic 


SE 


Sweden 


CF 


Centn] African Republie 




ofKoRa 


SN 


Senegal 


CG 


Congo 


XR 


RepubSe of Korea 


SU 


Soviet Union 


CH 


Swilzeiluid 


U 


LiaditBasiriD 


ID 


Chad 


CM 


CkuKHyon 


LX 


SdUttka 


TO 


Togo 


DE 


Gennany, Rdenl RepuUic of 


UU 


Luxembourg 
Monaco 


IB 


United Slates of America 


DK 




MC 







wo 90/09688 



PCr/US90/00644 



10 



15 



20 



25 



30 



- 1 - 

MICROCHIP lASgp 
Backgroun d of the Tnventiir.n 

This application is a continuation-in-part of U.S. 
Serial No. 151,396 filed February 2, 1988. 

This invention relates to single frequency 
microchip lasers. 

In this specification, numbers in brackets refer 
to the references listed at the end of the specification, 
the teachings of which are incorporated herein by reference. 
The realization of practical single-frequency, diode-pumped, 
solid-state lasers has been the goal of several researchers 
over the past 20 years [1] . One approach has been the 
solid-stated unidirectional, nonplanar, ring oscillator [2] . 
While this approach provides the desired laser 
characteristics, it suffers from a complicated fabrication 
process and optical alignment is critical. A simpler 
approach is the miniature, linear, solid-state cavity [3-5J . 
Although there has been some work on multimode miniature 
flat-flat cavities [6], the most common design for 
single-mode miniature cavities uses one curved mirror to 
stabilize the resonator [3-5]. m allowed D.S. Patent 
Application Serial No. 151,396, filed February 2, 1988, 
there is disclosed a solid-state, optically pumped microchip 
laser in which the cavity length is selected so that the 
gain bandwidth of the gain medium is less than the frequency 
separation of the cavity modes. This rfelationship 
guarantees that only a single longitudinal mode will 
oscillate when the frequency of this mode falls within the 
laser gain region. 

Summary o f the Tmran»4^» 
The solid-stated optically pumped microchip laser 
according to one aspect of the invention includes a 



WOM/0M88 



PCr/US90/00644 



- 2 - 



20 



25 



30 
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d.sta„=e between the „i„o.s selected so that ZH 
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separation o, the cavity ^des. .1 Zll 

™«r«r,, the distance between the mirrors selected so that 
the ga.n bandwidth of the gain „edi™ u less than or 

TTT' " — -e 

0 ^eSeTit; / ^= -^Posed to 

recexve ught from the gain .edi™, the nonlinear optical 
»ater«l selected to generate second or higher hJ 
the light fro. the gain medi™. ' "^'"'""^ " 

in yet another aspect of the invention, the 

Pt.cal meterxal combxn.tion disposed between two mirrors 
the distance between the «irrors selected so that til Z 
bandwidth Of the gain „edi». is less than ! ^ 
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laser frequency will oscillate Tho - , . 
optical „aterial provides C iTL^r^::: ll 

Both the laser all T -'ng others. 

to,.th.r with'ti:^""!""- """^ 

. »«oparenr optical cement and diced 

"-V-cUon, Which greatly reduces the cost 170:::.,"::^ 
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of such lasers as compared with devices using discreet 
optical components that are fabricated and assembled 
separately . 

The single frequency microchip lasers according to 
5 the invention employ a miniature, monolithic, flat- flat, 
solid-state cavity whose mode spacing is greater that the 
medium gain bandwidth. These lasers rely on gain-guiding or 
nonlinear optical effects to define the transverse 
dimensions of the lasing mode. As a result of the 

10 monolithic, flat-flat construction, the fabrication process 
for the microchip laser lends itself to mass production. 
The cost per laser is extremely low because of the small 
amount of material used for each laser and the simple 
fabrication. The resulting microchip lasers are 

15 longitudinally piuaped with the close-coupled, unfocused 
output of a diode laser. 



B£ig£ Description ^f £he Drawing 
Figs. 1.1 and 1.2, are graphs of laser gain and 
20 oscillation modes versus frequency; 

Figs. 2.1 and 2.2 are cross-sectional views of a 
. microchip laser of the invention; 

Fig. 3 is a graph of output intensity versus 
wavelength; 

25 Fig. 4 is a graph of output power versus pximp 

power for lasers of the invention; 

Figs. 5.1 and 5.2 are graphs illustrating measured 
spectral response of the lasers of the invention; 

Fig. 6 is a cross-sectional view of an embodiment 
30 of the invention including a nonlinear optical element; 
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Fig. 7 is a cross-sectional view of an embodiment 
of the invention with a nonlinear optical element 
incorporated within the laser resonant cavity; 

Pig. 8.1 depicts an array of microchip lasers on a 
wafer in association with a wafer of diode pump lasers; 
while Fig. 8.2 depicts the array of Fig. 8.1 in association 
with a wafer of nonlinear optical material with Fabry-Perot 
resonant ors; and 

Fig. 9.1 depicts an embodiment of the microlaser 
of Fig, 6 with an apparatus for stress tuning and Fig. 9b 
depicts an embodiment of the microlaser of Fig. 6 with an 
apparatus for thermal tuning. 

Description £f Preferred Embodiment^ 
^5 The theory on which the present invention is 

based will now be discussed in conjunction with Pig. i. m 
Fig. 1.1, a curve 10 is a plot of gain versus frequency for 
any solid-state laser gain medium such as Nd:YAG or Nd 
pentaphosphate. The gain bandwidth of the curve 10 is 
defined as the separation between arrows 12 and 14 wherein 
the gain exceeds the loss. Also shown in Pig. i.i are 
intracavity modes 16 and 18. The separation y^ between 
adjacent cavity modes is given by the equation V - c/2n^ 
where c is the speed of light, n is the refractive, index of 
25 a gain medium and I is the length of a resonant cavity. As 
shown in Pig. i.i, a cavity length -t has been selected so 
that JL is less than c/2nV^ resulting in the intracavity 
nodes 16 and 18 being spaced greater than the gain bandwidth 
of the curve 10 and the absolute frequency of the cavity 
mode = mc/2ni where m is an integer such that, the 
frequency falls outside the gain bandwidth. In the case 
illustrated the intracavity modes 16 and 18 straddle the 
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gain curve 10 so that there will be no lasing of the gain 
medium since there is no overlap of the gain curve 10 with 
either of the modes 16 or 18. To insure that the gain 
medium will lase, it is necessary that there be at least 
some overlap of the gain curve 10 with one of the 
intracavity modes such as the mode 18 as shown in Fig. lb. 
Assuring such overlap is accomplished by an appropriate 
choice of gain material and cavity length. 

With reference now to Fig. 2.1, a microchip laser 
30 includes a solid-state gain medium 32 disposed between a 
pair of mirrors 34 and 36. The mirrors 34 and 36 are coated 
with multiple layers (20-30 layers) of dielectric material. • 
The gain medium 32 is pumped optically by a laser 38 whose 
output light 40 is focused by a lens 42 onto the mirror 34. 
The mirror 34 transmits light from the pump laser 38 but 
reflects light generated within the gain medium 32 . The 
length^ of the gain medium 32 is selected so that i6:/2nr 
where g is the bandwidth of the gain medium. In this case, 
as pointed out above, a single mode only will oscillate 
within the gain medium 32 when falls within the gain 
bandwidth so that the output light 44 from the laser 30 is 
single frequency. The mirrors 34 and 36 may be separate 
elements bonded directly to the gain medium 32 or they may 
be multilayer coatings deposited directly on the opposing 
flat surfaces of the gain medium 32. in Fig. 2.2, the laser 
38 is placed close to or bonded directly to the mirror 34 so 
that most of the light from the pump laser is absorbed in 
the fundamental mode region of the microchip laser. 

To demonstrate the feasibility of diode-pumped ' 
microchip lasers, several different microchip lasers were 
constructed and operated CW at room temperature. These 
included: lld:YAG (Nd^Yg.^AlgO,^ ) at 1.06> using a 730- 



wo 90/09688 



PCr/US90/00644 



- 6 - 

^-long cavity; NdiYAG at l.Zjfvm using a 730- m-long cavity; 
Nd pentaphosphate (NdPgO^^) at 1.06 m using a lOO^m-long 
cavity; and Nd:6SGG i^^^^^^-'&^o^'^a^'^^^'^ 1.06^ using a 
625-^ long cavity. In each case, single-longitudinal- 
5 mode, single-spatial-mode operation was achieved with pump 
powers many times above threshold. 

The performance of the 1.06yUm NdrYAG microchip 
lasers will now be discussed. These lasers were constructed 
from a slab of YAG with 1.1 wt. percent Nd doping. The slab 

10 was cut and polished to a thickness of 730^m. Dielectric 
cavity mirrors were deposited directly onto the XA6. On 
other microchip lasers the mirrors were cut from 100- 
m-thick wafer mirrors and then bonded to the Nd:YAG. The 
performance of the separate-mirror devices was very similar 

15 to the performance of the dielectrically coated Nd:YAG 

cavities. The output mirror 36 had a reflectivity of 99.7% 
at l.Oe^m and was designed to reflect the pump laser. The 
opposite mirror 34 had a reflectivity of 99.9% at 1.06^ 
and transmitted the pump. The Nd:YAG was cut into pieces 1 

20 mm square (or less) and bonded to a sapphire heat sink (not 
shown) . Damage to the dielectric coatings from cutting the 
wafers was confined to a distance of less than 30>^m from 
the edge of the chips. 

A Ti:Al202 laser was used as a pump source to 

25 characterize the microchip lasers prior to diode pumping. 
It was tuned to the Nd:YAG absorption peak at 0.809/^m and 
focused onto the microchip laser, with an experimentally 
determined spot size of about 50 um in the NdrYAG crystal. 
Measurements showed that 18% of the incident pump power was 

30 reflected by the laser package and 27% was transmitted. The 
efficiency of the microchip lasers can be improved with 
better dielectric coatings. 
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When the Nd.-YAG microchip laser was properly 
aligned with the pump, single-longitudinal-mode, 
single-spatial-mode operation was observed. The output beam 
22 was circularly symmetric with a divergence of about 20 
5 mrad, determined by the spot size of the pump. Spectrometer 
traces (Fig. 3) showed only single-longitudinal-mode 
operation for absorbed pump powers up to 40mW. The lasing 
frequency tuned slightly as the pump spot on the microchip 
cavity was moved to positions with a slightly different 
10 cavity length. The devices constructed with wafer mirrors 
were continuously tunable over the entire gain spectrum by 
mechanical movement of the mirrors, m contrast to results 
reported in [7], the output polarization of the microchip 
laser was in the same direction as the polarization of the 
15 pump to better than 1 part in 100. 

A computer-controlled variable attenuator was 
introduced into the path of the pump beam to obtain the 
input-output power characteristics of the microchip laser 
The lasing threshold was measured to be below i „,w, and the 
20 Slope quantum efficiency (determined from the output of the 
laser from the 99.7% reflecting mirror only) was slightly 
greater than 30%. The Input-output curve is shown in Pig. 
4. At higher pump powers thermal effects led to 
unrepeatable results. The highest single-mode CW output 
15 power achieved with the microchip laser was 22 mW. 

The linewidth of the Nd:XAG niicrochip lasers was 
measured by heterodyning two free-running devices together 
Thermal tuning was used in order to get the lasers to 
operate at nearly the same frequency. The outputs of the 
0 lasers were stable enough to obtain heterodyne measurements 
with a resolution of 10 kHz. At this resolutions the 
measured spectral response was instrument limited. • (See 
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Fig. 5) This gives a linewidth for the microchip lasers of 
less than 5 kHz, assuming equal contributions to the 
linewidth from each laser. The theoretical phase 
fluctuation linewidth is estimated to be only a few hertz. 
5 Relaxation oscillations account for the observed sidebands 
700 kHz away from the main peak. The intensity of the 
sidebands varied with timed but was always greater than 30 
dB below the main peak. 

The microchip NdrYAG lasers have been pumped with 
10 the unfocused output of a 20-mW.GaAlAs diode laser. The 
Nd:YAG cavity was placed about 20 _m from the output facet 
of the diode laser and longitudinally pumped. The resulting 
pump spot size in the Nd:YAG was about 50 _m in diameter. 
The output of the microchip laser showed 
15 single-longitudinal-mode, fundamental (i.e. lowest order) 
single-spatial-mode operation at all available powers. The 
divergence of the laser was diffraction limited at about 20 
mrad. 

Important embodiments of the present invention are 
20 shown are Fig. 6. In Fig. 6.1, a dielectrically coated flat 
wafer 50 of a nonlinear optical material is located to 
receive light from the microchip laser 30. The wafer 50 
includes dielectric coatings 52 and 54. The nonlinear 
optical material of the wafer 50 has the property that, when 
25 exposed to monochromatic light, it generates a beam of light 
including harmonics of the incident beam. Suitable 
nonlinear optical materials are, for example, MgOxLiNbOg and 
KTP (potassium titanyl phosphate) . As in the embodiments of 
Fig. 2, the cavity length ^of the gain medium 32 satisfies 
30 the relationship i&/2n1jr Light from the microchip laser 30 
passes into the nonlinear optical element 50 which shifts 
the frequency to one of the harmonics of the incident beam. 
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A particularly useful harmonic is the second harmonic. The 
optical coatings 52 and 54 are chosen such that they form a 
Fabry-Perot cavity at the pump wavelength. Typical 
reflectivities of such coatings at the pump wavelength are 
98%. Mirror 52 is also highly reflective at the harmonic 
wavelength while mirror 54 is highly transmissive at the 
harmonic wavelength, in addition to techniques whereby the 
cavity frequency of the harmonic crystal is tuned to the 
laser frequency, the single-frequency microchip laser may be 
tuned to be resonant with any of the harmonic crystal cavity 
modes and may be locked to that frequency in any number of 
ways including monitoring of the intensity of the harmonic 
output power. The microchip laser may be continuously tuned 
by a number of techniques that are well known including the 
15 application of a longitudinal or transverse stress to the 
crystal or by modifying the refractive index of the crystal 
thermally. Fig. 9.1 shows a microlaser 30 associated with 
a nonlinear optical material 50 located within a Fabry-Perot 
cavity made up of mirrors 52 and 54. The gain medium^ 32 of 
20 the laser 30 is positioned between a fixed stop 912 and a 
movable stop 910. Pressure is applied (shown here as being 
applied by an adjustable screw 914) to the gain medium 32 
through the movable stop 910. By adjusting the pressure on 
the gain medium 32, the frequency of the laser light can be 
25 matched to the resonant frequency of the Fabry-Perot cavity, 
in Fig. 9.1, a transverse stress is being applied to the 
medium, it is possible to stress tune the laser by the 
application of a longitudinal stress along the direction of 
the laser light. 

Fig. 9.2 shows a microlaser 30 associated with a 
nonlinear optical material 50 as in Fig. 9.1. However, in 
this embodiment the gain material 32 is positioned within a 
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temperature regulating jacket 918 which can be heated or 
cooled by the temperature regulating elements 916. By 
adjusting the temperature of the gain medium 32 the 
frequency of the laser light can be thermally tuned to match 
5 the resonant frequency of the Fabry-Perot cavity. Because 
the laser frequency can be changed by thermal tuning^ it 
should also be noted that in order to stress tune a 
microlaser and have it remain tuned^ it may be necessary to 
regulate the temperature of the gain medium. 
10 The ability to continuously tune the microchip 

laser over its gain bandwidth without a mode jump is a 
significant advantage in being able to precisely tune and 
lock to any of the Fabry-Perot cavity modes of the harmonic 
crystal . 

15 The harmonic crystal with its resonant cavity may 

be separate from the microchip laser or it may be bonded 
directly to the output end of the microchip laser using an 
optically transparent cement. The use of flat-flat cavities 
on the harmonic crystal simplify the fabrication process by 

20 using similar wafer processing technology as that for the 
microchip laser. However, any of the well known techniques 
for a resonant harmonic cavity may also be used in 
conjunction with the microchip laser such as the 
unidirectional ring resonator or spherical mirror cavity. 

25 Further, the nonlinear material may be incorporated within 
the laser cavity itself. 

Fig. 6.2 shows a configuration similar to Fig. 6.1 
but with the diode placed close to or bonded to the laser 
medium. Fig. 7 is an embodiment of the invention in which 

30 nonlinear optical material forms a part of the laser cavity 
structure. A microchip laser 70 includes a flat wafer 72 of . 
an active gain medium. A nonlinear optical element 74 is 
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bonded to the gain medium 72. Dielectric mirrors 34 and 36 
complete the microchip laser 70. The length i between the 
mirrors 34 and 36 satisfies the relationships 

5 Vg^c/2(n jt^+nj )] 

Where i^, n^^ are the length and index of 
refraction respectively of the gain medium and JL^, are 
the length and index of refraction of the non-linear 
10 material. 

It will be appreciated by those skilled in the art 
that by selection of the appropriate nonlinear optical 
materials the output from the harmonically converted 
microchip laser can be in the visible or ultraviolet region 

15 and be useful for read and write optical disks or projection 
television applications. It will, also be appreciated that 
using the same fabrication techniques, an electro-optic or 
acousto-optic modulator can be incorporated into the 
composite structure with the modulator electrodes being 

20 photolithographically incorporated onto the wafers before 
being diced up. Such fabrication techniques would greatly 
reduce the cost and complexity of such devices over those 
using discrete optical components that are fabricated and 
assembled separately. 

addition to harmonic generation by means of a 
suitable nonlinear material, nonlinear frequency conversion 
may be carried out in suitable nonlinear optical materials 
using optical parametric oscillation or amplification as 
well as frequency sum or difference mixing using the single 
frequency microchip laser. Similar cavity fabrication as 
that described above may be used to create a microchip laser 
whose single frequency light is frequency converted by 



30 



wo 90/09688 PCr/l}S90/00644 

- 12 - 

parametric conversion into light of two lower frequencies. 
In this parametric conversion microchip laser, the 
resonators differ from those previously described only in 
that the nonlinear optical material is a parametric 
5 conversion material such as LiNbO^ or KNbO^ and the cavity 
coatings are chosen according to the well known art form for 
such devices. 

Fabrication of the foregoing embodiments will now 
be discussed. A boule of laser material is grown by 

10 conventional methods. The boule is sliced to the 
appropriate thickness depending on whether or not a 
nonlinear optical element is to be incorporated into the 
resonant cavity. The resulting wafer is lapped to the 
desired length, parallel and flat to better than one 

15 wavelength using conventional lapping techniques. The wafer 
must be flat over the area being irradiated by the diode 
pump laser. 

At this point, the gain medium is coated with 
multiple layers of dielectric material on opposite faces. 

20 Alternatively, separate mirrors are bonded to the gain 
medium. The slice or wafer is then diced into individual 
microchip lasers which can be mounted to the pun^ optics. 

The nonlinear optical elements used for frequency 
shifting are lapped flat and parallel and incorporated 

25 either within or outside of the laser cavity as shown in 
Figs. 6 and 7. In the case in which the nonlinear optical 
material is outside the resonant cavity, both surfaces of 
the nonlinear material are coated with dielectric layers 
Khich are highly reflective to the frequency of light 

30 generated by the microchip laser. In addition, the surface 
of the nonlinear optical material nearest to the microchip 
laser is coated with dielectric layers which are highly 
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reflective of the wavelength of light generated by the 
nonlinear optical material. Although for ease of 
manufacture, the nonlinear element may be lapped with^both 
surfaces flats it is also possible, in the case of the 
5 optical material being outside the laser cavity, to have the 
surface avay from the microchip laser be a nonflat surface. 

Any non-parallel resonator structure knovm to the 
art Of resonators may be used with the microchip laser, in 
fact, the use of the microchip laser makes such resonator 
10 design easier, since the laser can be tuned to the cavity 
frequency . 

If a nonlinear optical element is to be part of 
the resonant cavity, the boule of gain medium is sliced and 
lapped flat and parallel. The nonlinear optical material is 
15 also lapped flat, and parallel and bonded to the gain medium 
using transparent optical cement. The lengths of the gain 
material and the nonlinear optical material satisfy the 
relationship discussed above. After the gain medium and 
nonlinear optical material are bound, mirrors are applied to 
the other surfaces either as multilayer dielectric coatings 
on the material itself or as separate mirrors, and the 
wafers are diced into chips. 

It should be noted that one can construct a 
25 microchip laser array or a microchip laser nonlinear- 

frequency converter array by simply not dicing the wafers 
That is, by leaving the microchip laser in wafer form, and 
associating the microchip laser waf er with a two 
dimensional diode laser array to pump the microchip laser 
30 array, a two dimensional array of microchip lasers is 
immediately formed. Referring to Fig. 8.1, a two 
dimensional array of microchip lasers consists of an array 
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Of laser diodes 810 associated with a microchip laser wafer 
812. Light from the laser diodes 814 excites the microchip 
laser to emit light. The two wafers can be cemented 
together using optically transparent cement. If the 
5 microchip laser wafer also contains the nonlinear optical 
material within its resonant cavity, frequency conversion 
using a two wafer system is possible. If, however, the 
nonlinear optical material is not. on the microchip laser, an 
array can still be constructed by simply placing the wafer 

10 with the nonlinear optical material and Fabry-Perot resonant 
cavity 816 in association with the other wafers. Such a 
configuration is shown in Fig. 8.2. The resonant frequency 
of the nonlinear optical material cavity must be matched to 
the microchip frequency in the manner described above. 

15 A microchip laser array is particularly useful if 

a directed laser beam is required. By properly modulating 
the phase of each microchip laser using, for example, 
individually addressable phase modulators placed in the 
output beam or within the cavity of each microchip laser, it 

20 is possible to phase steer the array and thereby direct the 
beam. The output of the two-dimensional array of 
single-frequency microchip lasers may be coherently combined 
into a single beam using well known techniques of binary 
optics . 

diode-pumped microchip lasers according to the 
invention exhibit low pump threshold, high efficiency, and 
single frequency operation. These lasers can be 
continuously tuned across their gain-bandwidth in a single 
frequency using a traasversly or longitudinally applied 
10 stress to the microchip laser crystal. The microchip laser 
is applicable, for example, to frequency converters, 
modulators and Q-switches, with photolithographically 
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deposited electrodes. It results in low costs, 
volume-producible lasers and electro-optic devices. The 
incorporation of nonlinear optical material, either inside 
or outside of the cavity, generates other wavelengths of 
light. The output from such a device, in the visible or 
ultraviolet region, is useful for read and write optical 
disks and projection television applications. 
What is claimed is: 
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1. Solid state, optically pumped microchip laser 
comprising: 

a solid state gain medium disposed between two 
mirrors, the distance between the mirrors selected so that 
S the gain bandwidth of the gain medium is less than or 
substantially equal to the frequency separation of the 
cavity modes and such that one cavity mode frequency falls 
within the gain bandwidth of the medium/ and 

nonlinear optical material disposed to receive 
10 light from the gain medium, the nonlinear optical material 
selected to generate second or higher harmonics of the light 
from the gain medium, said nonlinear optical material 
contained within a Fabry-Perot resonator. 

2* microchip laser of claim 1 wherein said 

microchip laser further comprises an apparatus for applying 
a longitudinal stress to said gain medium to thereby tune a 
frequency of the light from the microchip laser to be 
coincident with a resonant frequency of the Fabry-Perot 
resonator containing a suitable nonlinear crystal. 



20 



3. The microchip laser of claim 1 wherein said 
microchip laser further comprises an apparatus for applying 
a transverse stress to said gain medium to thereby tune a 
25 frequency of the light from the microchip laser to be 
coincident with a resonant frequency of the Fabry-Perot 
resonator containing a suitable nonlinear crystal. 



30 



4. The microchip laser of claim 1 wherein said 
loicrochip laser further comprises an apparatus for changing 
the temperature of said gain medium to thereby ttine a 
frequency of the light from the microchip laser to be 
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coincident with a resonant frequency of the Pabry-Perot 
resonator containing a suitable nonlinear crystal. 

5. The microchip laser of claim 1 wherein the 

5 nonlinear optical material is contained within a resonator 
with planar parallel faces. 

6. The microchip laser of claim 1 wherein the 
nonlinear optical material is contained within a resonator 
having a flat face disposed toward the gain medium and a 
spherical face disposed away from the gain medium. 



10 



15 



20 



7. Solid state, optically pumped microchip laser 
comprising: 

a solid state gain medium and nonlinear optical 
material combination disposed between two mirrors, the 
distance between the mirrors selected so that the gain 
bandwidth of the gain medium is less than or substantially 
equal to the frequency separation of the cavity modes and 
such that one cavity mode frequency falls within the gain 
bandwidth of the mediums the nonlinear optical material 
selected to generate other frequencies from the light from 
the gain medium. 

25 8. The microchip laser of claim 7 wherein the 

length of the gain medium and the length of the nonlinear 
material satisfies the relationship 

rg^c/2(njjej+n24) 
wherein n^ and^ are the refractive index and length, 
respectively, of the gain medium, andj^g are the 
refractive index and length, respectively, of the nonlinear 
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optical materials and Vg is the bandwidth of the gain 
material . 



9. The microchip laser of claim 1, 2, or 7 in 
5 which the gain medium is Nd:YA6. 

10. The microchip laser of claim 9 in which the 
distance between the mirrors is about 730^m. 

^° 11- The microchip laser of claim 1, 2, or 7 in 

which the gain medium is Nd pentaphosphate . 

12. The microchip laser of claim 11 in which the 
distance between the mirrors is about 100 m. 

13. The microchip laser of claim 1, 2, or 7 in 
which the gain medium is Nd:GS6G. 



14. The microchip laser of claim 13 in which the 
20 distance between the mirrors is about 625^. 

15. The microchip laser of claim 9 in which the 
optical pumping is tuned to 809^. 

16. The microchip laser of claim 1, 2, or 7 in 
which the mirrors are formed of multiple layers of 
dielectric. 



17. The microchip laser of claims 1, 2, 1, 9, n 

30 or 13 in which the nonlinear material is MgOrLiNbO . 

3 
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18. The microchip laser of claims 1, 2, 7, 9, 11 
or 13 in which the nonlinear material is KTP. 

19. The microchip laser of claim 15 in which the 
5 optical pumping source focuses onto the Nd:YAG crystal to a 

spot size of 50^m. 

20. A method of making a microchip laser with a 
nonlinear optical material laser light frequency converter 

10 comprising the steps of: 

growing a boule of laser gain material; 
slicing the boule of laser gain material into a 
wafer; 

lapping the gain wafer flat and parallel and to a 
15 thickness Ji wherein S. satisfies the relationship 

^^c/2nl^ wherein n is the index of refraction for 
the gain materials and 1§ is the bandwidth of the gain 
material; 

applying mirrors to the gain material wafer so as 
20 to form a resonant cavity; 

dicing the gain material with resonant cavity 
wafer into microchips; 

associating the microchip with a pumping laser so 
as to allow the laser light to enter the gain material 
25 through the face of the resonant cavity; 

growing a boule of nonlinear optical material; 
slicing the boule of nonlinear optical material 
into a wafer; 

forming a Fabry-Perot resonant cavity upon said 
30 nonlinear optical material wafer; 

dicing the nonlinear optical material wafer with 
Pabry-Perot resonant cavity into chips/ and 
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associating a nonlinear optical material chip with 
a microchip such that light emitted from the microchip upon 
stimulation by said pumping laser impinges upon the 
nonlinear optical material chip through a face of the 
Fabry-Perot resonant cavity. 

21. A method of making a microchip laser with a 
nonlinear optical material laser light frequency converter 
comprising the steps of: 

growing a boule of laser gain material; 

growing a boule of nonlinear optical material; 
slicing the boule of laser gain material into a wafer; 

slicing the boule of nonlinear optical material 
into a wafer; 

lapping the wafer of laser gain material and the 
wafer of nonlinear optical material parallel and flat to 
thicknesses and ^2 respectively, such that the 
thicknesses satisfy the relationship: 

Yg ^ °^^A+"2-^) 
wherein n^ is the refractive index of the gain mediums is 
the refractive index of the nonlinear optical material and 
Vg is the bandwidth of the gain medium; 

bonding the wafer of gain material to the wafer of 
nonlinear optical material using transparent optical cement; 

applying a mirror to each free face of the bonded 
wafers so as to form a resonant cavity; 

dicing the combined wafer and resonant cavity into 
microchips, and 

associating a microchip with resonant cavity with 
a pumping laser such that light from the pumping laser 
enters the resonant cavity through the face of the resonator 
associated with the gain medium. 
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22. Solid state, optically pumped microchip laser 
comprising: 

5 a solid state gain medium disposed between two 

mirrors, the distance between the mirrors selected so that 
the gain bandwidth of the gain medium substantially equal to 
the frequency separation of the cavity modes and such that 
one cavity mode frequency falls within the gain bandwidth of 
10 the medium. 

23. The laser of claim 22 further comprising an 
apparatus adapted to change the temperature of said gain 
medium to thereby thermally tune said laser. 

24. The laser of claim 22 further comprising an 
15 apparatus adapted to apply a longitudinal stress to said 

gain medium to thereby stress tune said laser. 

25. The laser of claim 22 further comprising an 
apparatus adapted to apply a transverse stress to said gain 
medium to thereby stress tune said laser. 

^° 26. An array of microchip lasers comprised of a 

wafer of gain material disposed between two mirrors, the 
thickness of the wafer selected so that the gain bandwidth 
of the gain medium is less than or substantially equal to 
the frequency separation of the cavity modes and such that 

25 one cavity mode frequency falls within the gain bandwidth of 
the medium; and positioned adjacent to a wafer of diode 
lasers aligned so as to stimulate said gain medium into 
light emission. 



30 



27. The array of claim 26 further con5>ri8lng a 
wafer of nonlinear optical material disposed between two 
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mirrors positioned so as to form a Fabry-Perot resonator 
with a resonant frequency coincident with the mode of 
oscillation of the microlasers and positioned so as to be 
irradiated by said microlasers and thereby stimulated into 
optical frequency conversion. 

28. Solid state, optically pumped microchip laser 
comprising: 



10 



15 



20 



25 



30 



a solid state gain medium disposed between two 
mirrors, the distance between the mirrors selected 50 that 
the gain bandwidth of the gain medium less than the 
frequency separation of the cavity modes and such that one 
cavity mode frequency falls within the gain bandwidth of the 
medium; and 

an apparatus adapted for changing the temperature 
Of said gain medium and thereby thermally tuning said laser. 

29. Solid state, optically pumped microchip laser 
comprising: 

a solid state gain medium disposed between two 
mirrors, the distance between the mirrors selected so that 
the gain bandwidth of the gain medium less than the 
frequency separation of the cavity modes and such that one 
cavity mode frequency falls within -the gain bandwidth of the 
medium; and 

an apparatus adapted for applying a longitudinal 
stress to said gain medium and thereby stress tuning said 
laser. 



30. solid state, optically pumped microchip laser 
comprising: 
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a solid state gain medium disposed between two 
mirrors, the distance between the mirrors selected so that 
the gain bandwidth of the gain medium less than the 
frequency separation of the cavity modes and such that one 
5 cavity mode frequency falls within the gain bandwidth of the 
medium; and 

an apparatus adapted for applying a transverse 
stress to said gain medium and thereby stress tuning said 
laser. 
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